The performance of seed laser source will have a great impact on the output pulse quality of the master oscillator power amplifier (MOPA) system. Here, we report the influence of the soliton vector features on the pulse uniformity in an all-fiber MOPA configuration. We demonstrated that, although the intensity of the dissipative soliton seed source is uniform, the intensity of the output pulse train from the MOPA will show fluctuations if the soliton polarization state is not locked, i.e., polarization-rotating vector soliton. It is found that the appearance of non-uniform pulse intensity is caused by the combination of the polarization instability and the polarization dependent gain in the polarization maintaining fiber amplifier. The obtained results indicate that the polarization evolution of seed pulsed source is critical to generation of stable pulse train from the MOPA, and also might be useful to the communities dealing with solitons and high-power pulsed fiber lasers.
Introduction
High power, ultrashort pulse fiber laser technologies have attracted much attention owing to their wide applications in scientific and industrial fields such as ultrafast optics exploration, biomedicine, and laser micromachining [1] - [4] . The passive mode-locking is regarded as an efficient method to generate the ultrashort pulse from fiber lasers [5] - [7] . However, owing to the nonlinear effects induced pulse instability [8] - [9] , the direct output of high-power ultrashort pulse from a mode-locked fiber oscillator remains a challenging task. Although the dissipative soliton (DS) formation in normal dispersion fiber laser was proposed to enhance the pulse stability and energy [10] - [11] , the output pulse energy is still limited to be the order of nJ, which is insufficient for some practical applications. To boost the output power of ultrashort pulse, the fiber master oscillator power amplifier (MOPA) system can be employed, which has been demonstrated to be one of the efficient methods to realize power and energy scaling [12] - [16] . Generally, the polarization-maintaining (PM) fiber amplification system is used to improve environmental stability. Up to now, the output energy of ultrashort pulse with MOPA system is easy to reach the micro-joule levels [17] , [18] , which greatly extends the range of application fields.
Apart from the power scaling ability, the intensity uniformity of the output pulse train from a MOPA system is also important to the applications. In fact, it is found that the polarization-dependent gain is a well-known effect and should be considered in the fiber amplifier [19] - [21] . The polarization related gain characteristics will make the signal gains of two orthogonal polarization directions different from each other. In this sense, any polarization instabilities of seed pulse signal will lead to the intensity fluctuations after the MOPA. On the other hand, the passively mode locked ultrafast fiber laser is one of the most frequently used seed pulse signals for MOPA. In general, for the purpose of low-cost and reliable operation, ultrafast fiber laser is constructed with non-PM fiber and real saturable absorber. It has been demonstrated that the ultrashort pulse, which is also regarded as optical soliton, would exhibit fruitful polarization dynamics in the ultrafast fiber lasers as the result of the single mode fiber (SMF) supporting the two orthogonal polarization modes. So far, various vector soliton dynamics could be observed in passively mode locked fiber lasers [22] - [34] , such as polarization-locked vector solitons (PLVSs) [22] - [24] , [29] , [30] and polarization-rotating vector solitons (PRVSs) [31] - [33] . Being different from the PLVS, the PRVS features that the pulse intensities along the two polarization components varied periodically with the cavity roundtrip time. In addition, the operation regimes between PLVS and PRVS in the fiber laser could be transited if the pump power or birefringence variations are introduced. Therefore, the appearance of PRVS could be deemed as a potential polarization instability in the mode locked lasers. Considering the polarization characteristics of vector solitons and the polarization-dependent gain in fiber amplifier, it is interesting to identify the influence of vector features of dissipative soliton on the performance of MOPA system.
In this work, we investigated the vector effects of dissipative soliton in a PM-MOPA system. Both the PLVSs and PRVSs could be obtained in the mode locked fiber oscillator by adjusting the polarization controller (PC) at a fixed pump power. Then we injected the PLVS and PRVS as seed pulse signal into the fiber amplifiers, respectively. It was found that for the case of PRVS the intensity of the output pulse from MOPA would show periodical fluctuations, where the modulation period of the pulse intensity corresponds to the soliton polarization rotation period. However, for PLVS as the seed signal, the pulse intensity after the fiber amplifiers is still uniform. We attributed this phenomenon to the polarization dependent gain of active fiber and the unlocked polarization state of the dissipative soliton. The average power of the pulse after the PM-MOPA system reaches 3.96 W at the pump power of 17 W, corresponding to ∼1.67 µJ of pulse energy. The results demonstrated that the vector soliton characteristics of the seed source need to be considered in the MOPA system, which is beneficial for achieving the stable pulse train from the MOPA. Fig. 1 shows the experimental setup of the proposed all-fiber MOPA system. A passively mode locked fiber laser based on a saturable absorber (BATOP SA-1064-26-37ps) is used as the seed source, as shown in Fig. 1(a) . A 1-m long highly Yb-doped fiber (YDF) is served as the gain medium. The cavity birefringence and the polarization state of the propagation light are adjusted by the PC. A polarization-independent isolator (PI-ISO) ensures the unidirectional operation, and the band-pass filter with a 3-dB spectral bandwidth of ∼5 nm is utilized for wavelength selection and stabilizing the mode locking operation [35] . As there are no polarization discrimination devices in the laser cavity, the polarization state of the mode locked soliton can evolve freely to form different types of vector solitons [31] .
Experimental Setup
The output of the oscillator was coupled into the amplifier stage via a PM isolator. The PM isolators between each stage are used to prevent the backscattering light from damaging the cavity in the previous stage. It should be noted that the injected pulse train has no polarization dependent loss in the dual-axis operation PM isolators. Two preamplifiers are used to achieve sufficient power to seed the final-stage main amplifier. For the first amplifier, the gain medium is the 1-m PM highly Yb-doped fiber (YDF) with a core/cladding diameter of 6/125 µm, which is core-pumped by a single-mode (SM) 976 nm laser diode through wavelength division multiplexer (WDM). For second preamplifier, a (2 + 1) × 1 signal/pump combiner is utilized for matching the 10/125 µm large-mode-area (LMA) double-clad YDF (Nufern PLMA-YDF-10/125-HI-8) which was pumped by two multimode doubleclad 976 nm LDs. The unabsorbed pump light is dumped by a cladding power stripper (CPS). The PM bandpass filter isolator here is adopted to prevent the backward reflections and to suppress the amplified spontaneous emission (ASE) at short wavelength. The main amplifier consists of a ∼2.8 m highly double-clad YDF (Liekki Yb 1200-30/250 DC-PM) with a core/cladding diameter of 30/250 µm. The length of YDF is optimized to control the fiber nonlinearity. This gain fiber is clad-pumped by two multimode 976 LDs with a maximum pump power of 28 W. The single-mode operation was obtained by coiling the gain fiber to a diameter of 12 cm to introduce additional bendinduced losses for the higher-order modes. The output laser is monitored by an optical spectrum analyzer (OSA, Yokogawa AQ6317C) and a high-speed real-time oscilloscope (Tektronix DSA-70804, 8 GHz) with a photodetector (Newport 818-BB-35F, 12.5 GHz). In order to observe the vector nature of multi-soliton patterns, a PC and a fiber-based polarization beam splitter (PBS) are used to resolve the dynamics of the two polarization components. The pulse duration was measured by a commercial autocorrelator (FR-103WS).
Results
Owing to the existence of saturable absorber in the laser cavity, the fiber laser can easily turn into the mode locked state if the pump power level is above the lasing threshold. In the experiment, the mode locked threshold is about 48 mW. The fiber laser could operate either in single pulse or in the multi-pulse regimes, which is dependent on the pump power level. For enabling the fiber laser to operate in the single pulse state, we adjusted the pump power to be 51 mW and fixed it in the following experiment. Fig. 2(a) shows the typical mode locked spectrum of the fiber laser. The appearance of the steep spectral edges indicates that the fiber laser was operating in dissipative soliton regime with normal dispersion. The central wavelength and the 3-dB spectral bandwidth are 1069.75 nm and ∼2.3 nm, respectively. The mode locked pulse train is plotted in Fig. 2(b) . Here, the pulse separation is 423 ns, corresponding to the fundamental repetition of 2.364 MHz. The autocorrelation trace shows that the pulse duration is ∼215 ps, which gives a time-bandwidth product about 66.4. Thus, the mode locked pulse is highly chirped. As indicated above, no polarization discrimination devices were in the laser cavity. Therefore, the fiber laser could be used to investigate the dynamics of vector solitons. Fig. 3 shows the polarization resolved measurements of the vector soliton corresponding to the state of Fig. 2 . From the spectral domain, it can be seen that two polarization components show the similar spectral profiles, as depicted in Fig. 2(a) . Meanwhile, the total pulse train as well as those of two polarization components present the uniform intensity. The spectral and temporal features of the soliton suggest that the fiber laser delivers the PLVS in this case. In order to investigate the spectral characteristics of the PLVS, the real-time spectroscopy technology, namely dispersion Fourier transformation (DFT) [36] - [38] was employed to capture the real-time spectral dynamics. Fig. 3(c) provides the shot-toshot spectra of the total pulse train and the two polarization components after the PBS, where the uniform spectral profiles can be seen for the PLVS. To further demonstrate the stability of the mode locked oscillator, we provided the shot-to-shot spectra of 200 successive roundtrips in Figs. 3(d) to 3(f). Again, the profiles of each shot-to-shot spectrum are nearly indistinguishable from one another. These results demonstrated that no polarization instability was detected in the mode locked fiber oscillator. Thus, the mode locked laser could be employed as the stable seed source in MOPA system. By carefully adjusting the orientation of the PC, the operation regime of PLVS can be converted into the PRVS in the fiber laser. The measured characteristics of the PRVS were plotted in Fig. 4 . The OSA-recorded spectra with and without the PBS are presented in Fig. 4(a) , where the spectral profiles are similar to each other. The OSA-measured spectral features of the PRVS could not be evidently distinguished from those of the PLVS. However, being different from the case of PLVS, the polarization state of the soliton is rotating periodically at a fixed output point of the fiber laser. Therefore, one of the typical features of PRVS is that the intensities of the two polarization components will present periodic modulation after passing the PBS, as shown in Fig. 4(b) . Because the intensity of the pulses along the two-polarization direction varied periodically, the real-time spectrum should be changed with the cavity roundtrip time. Then the DFT was employed again to measure the real-time spectral dynamics of PRVS. In Fig. 4(c) , it is clearly seen that the peak intensity and the profile of the real-time mode locked spectrum along the two orthogonal polarization components altered periodically, which is similar to those we have previously reported [39] . For better clarity, we have also provided that real-time spectral dynamics by DFT for 20 cavity roundtrips in Figs. 4(d) -4(f). As the polarization unresolved spectrum and pulse intensity of PRVS before passing the PBS are stable on the OSA and oscilloscope, respectively, the instability of the two polarization components is generally ignored as the seed laser source in MOPA system. However, considering the polarization-dependent gain in YDF, it is expected that the polarization instability of the PRVS will induce the output instability of the MOPA system.
In order to investigate the influence of the vector nature of dissipative soliton on the MOPA system, we injected both the PLVS and PRVS as the seed sources into the fiber amplifiers, respectively. After pulse amplification, both the PLVS and PRVS could be boosted to around 3.5 W at the pump power of ∼17 W. Here, it should be noted that the stability of the output pulse could be limited by appearance of Raman effect with higher pump power level of the MOPA system. Fig. 5(a) and 5(b) shows the pulse train and the spectrum of the amplified PLVS. Because the polarization of the mode-locked seed pulse is locked, the intensity of the output pulse train is uniform despite of the polarization-dependent gain of YDF. The amplified spectrum is similar to that of the seed pulse. However, when the PRVS was used as the input for the MOPA system, the evident intensity modulation on the pulse train could be observed. The spectral and temporal features of PRVS after Here, the pulse train shows a modulation period of two cavity roundtrips which is the same as the polarization rotation period. Therefore, it further confirms that the intensity modulation was caused by the polarization instability of the PRVS. Note that there is a slight spectral modulation on the left edge of the corresponding spectrum, which might result from the intensity fluctuation of the amplified pulse and the nonlinear effect, as shown in Fig. 5(d) . In addition, the vector nature of PRVS after amplification was also checked by using a PBS. It is found that the PRVS still maintains the polarization rotation characteristic.
To further exhibit the performance of the MOPA system, we have provided the average output power of the amplified PLVS and PRVS versus the pump power in Fig. 6 . Here, the average output power increases with higher pump power. Note that the input powers of PLVS and PRVS for MOPA are adjusted to be the same as each other, which are ∼880 µw. The maximum output power can reach to about 3.9 W for the case of PLVS, which is corresponding to the single pulse energy of 1.65 µJ. However, at a lower pump power, the slope efficiency of the MOPA system is lower than that of the higher pump power level. We think that this phenomenon is related to the reabsorption of the YDF owing to the unoptimized length of the YDF. From Fig. 6 , it should be noted that the average output power of PLVS is a little higher than that of PRVS for the same MOPA parameters, which could be attributed to the non-uniform power amplification of the PRVS.
In general, for MOPA system the quality of the output pulse is important to the practical applications. Thus, the output pulse with intensity modulation will degrade the laser performance. As mentioned above, the total intensities of PRVS and PLVS are detected to be uniform from the oscilloscope, which are generally regarded as the stable seed source. However, in our experiments, it has been demonstrated that the vector nature of the seed laser pulse greatly influences the intensity uniformity of the output pulse. That is, in order to improve the stability of the MOPA system, the polarization of the seed pulse needs to be locked. On the other hand, we only observed the polarization instability induced non-uniform intensity of pulse train from MOPA system. And there are few reports on the polarization dependent gain of the PM YDF. Therefore, the polarization dependent gain feature also needs to be further investigated, which will be beneficial for generating the stable pulse of MOPA system if a non-PM mode locked oscillator is employed.
Conclusions
In summary, we have investigated the influence of the mode locked soliton polarization on the pulse stability in a MOPA system. It was found that the output pulse shows periodic modulation after the PM amplification when the PRVS was employed as the seed pulse. However, for the case of PLVS, the output pulse after amplification maintains uniform intensity. The polarization instability of PRVS and the polarization dependent gain of PM YDF are demonstrated to be responsible for the appearance of the intensity modulation of output pulse train from MOPA system. Our findings will enhance the understanding of the dissipative vector solitons in MOPA system, which might be attractive to the communities dealing with high power fiber lasers and nonlinear optics.
